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Abstract 
Summary: In analyses of exome data, candidate gene selection can be challenging in the absence of variants in 
known disease-causing genes. We calculated the putative biologically closest known disease-causing genes for 
13,005 human genes not currently reported to be disease-causing. We used these data to construct the Closest 
Disease-Causing Genes (CDG) server, which can be used to infer the closest associated disease-causing genes 
and phenotypes for lists of candidate genes. This resource will be a considerable asset for ascertaining the poten-
tial relevance of list s of genes to specific diseases of interest. 
Availability: The CDG online server and database are freely available to non -commercial users at: 
http://lab.rockefeller.edu/casanova/CDG. 
Contact: yuval.itan@mssm.edu 
Supplementary information: Supplementary data are available at Bioinformatics online. 
 
1 Introduction  
Genetic mutations have been found to underlie an increasing number of 
human inherited diseases. The average human genome contains about 
20,000 coding variants and hundreds of thousands of non-coding variants  
(Goldstein et al., 2013). A common approach for candidate gene identifi-
cation in NGS involves selecting known disease-causing genes for further 
investigation. However, novel disease-causing genes are neglected by this 
approach (Itan and Casanova, 2015).  
     Several methods, such as the Search Tool for the Retrieval of Interact-
ing Genes/Proteins (String, Szklarczyk et al., 2015), HumanNet (Lee et 
al., 2011), and Functional Coupling (FunCoup, Alexeyenko et al., 2012) 
can be used to assess human genes directly connected to candidate genes. 
The Human Gene Connectome (HGC, Itan et al., 2013) extends these ap-
proaches by prioritizing candidate genes according to their biological dis-
tances from known disease-causing genes. The Human Gene Mutation 
Database (HGMD, Stenson et al., 2017) provides manually curated infor-
mation about mutations in known disease-causing genes.  
     We generated a complementary resource, the Closest Disease-Causing 
Genes (CDG) database and server, identifying the biologically closest 
known disease-causing genes and associated diseases for 13,005 human 
genes not currently known to be disease-causing. The CDG server also 
provides investigators with the option of associating a given list of dis-
eases with a set of novel candidate disease-causing genes. Thus, this re-
source provides a reference for the potential relevance of a novel candidate 
gene to specific diseases and other causative genes. 
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2 Methods 
Multiple independent comparisons have shown HGMD to be the most 
comprehensive database of gene lesions causing inherited human disease 
(Chen et al., 2013; López-Bigas and Ouzounis, 2004). We selected 5,430 
HGMD (public version) genes, belonging to the high-quality disease-
causing mutation category or disease-associated mutations (mostly mon-
ogenic diseases). We also selected 13,005 protein-coding genes, which  
have never been associated with disease phenotypes. We generated the 
CDG database by associating these 13,005 genes with HGMD disease-
causing genes using the HGC biological relatedness metric (p < 0.01, see 
Supplementary Notes & Supplementary Fig. 1). 
    For validation, we used two external datasets not used to construct CDG 
(Peterson et al., 2016): (1) a new HGMD dataset containing 339 disease-
causing genes; and (2) 84 pathogenic genes from ClinVar (not reported in 
HGMD, Landrum et al., 2016). We identified the CDG for each of these 
genes as described above, and compared the performance of CDG versus  
FunCoup and HumanNet in terms of number of predicted genes, and how 
many predicted diseases coincided with the reported disease. As FunCoup 
and HumanNet do not associate diseases, we retrieved from HGMD the 
disease names related to each predicted gene. 
3 Results 
Each of the 13,005 genes was associated with a mean of 48 HGMD dis-
ease-causing genes and 7 diseases (see Supplementary Table 1 for the top-
ranked associations). Notably, 92.9% of the associated disease-causing 
genes were within 1 or 2 degrees of separation from the corresponding 
query gene (Supplementary Fig. 2). Conversely, only 13.9% of all human 
gene pairs were within 1 or 2 degrees of separation (p < 10-300, two-tailed 
equal variance t-test).  
    For validation, we calculated CDGs for 339 genes from the new HGMD 
dataset and compared with FunCoup and HumanNet. We found that 287 
genes had at least one CDG, compared to 133 genes using FunCoup and 
116 genes using HumanNet. The CDGs for 134 of these 287 genes were 
associated with the expected disease, as indicated by HGMD, compared 
to 46 genes by FunCoup and 47 by HumanNet (Fig. 1). We repeated the 
comparison with ClinVar and observed a similar trend where CDG out-
performed the other methods (Supplementary Fig. 3). The identified CDG 
associations are therefore expected to be robust for the putative diseases  
associated with candidate genes. 
     We then randomly sampled 1,000 sets of 287 genes from the 5,430 
known disease-causing genes and estimated their CDGs and associated 
diseases, identifying the known disease in 86.33% of cases. Finally, as-
suming a Gaussian distribution, we performed 10,000 bootstrapping sim-
ulations for HGC p-values of CDG predictions between the observed 287 
new HGMD genes with at least one CDG and the expected set of 13,005 
genes not currently known to cause disease. The observed and expected 
CDG predictions yielded similar p-values profiles for biological related-
ness between the observed and expected gene sets and their closest dis-
ease-causing genes (Supplementary Fig. 4). Owing to the lack of flat files  
from FunCoup and HumanNet, it was impossible to repeat the analysis 
and compare with these methods. We conclude that CDG predictions cap-
ture meaningful candidate disease-causing genes and diseases.  
4 Conclusion 
We provide the first resource that estimates the closest known disease-
causing genes and their associated diseases for 13,005 human genes not 
currently known to be disease-causing. Users can submit genes to the web-
server (Supplementary Fig. 5) to obtain two outputs: (1) all CDGs and 
associated diseases; and (2) only the most significant CDG for each input 
gene (by p-value). If the input is a known disease-causing gene, the output 
will be all known associated diseases. Disease names can also be input to 
obtain their known and predicted disease-causing genes. 
    We propose to use CDG with lists of genes (from NGS studies or simi-
lar sources) to: (1) estimate the likelihood of candidate genes being asso-
ciated with the disease of interest by investigation of its CDGs and asso-
ciated diseases (Supplementary Fig. 6); (2) identify known diseases asso-
ciated with disease-causing genes; and (3) assign CDGs and associated 
diseases in variant annotation software. Use of the CDG server and data-
base should facilitate the discovery of new disease-causing genes. 
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Fig. 1. Comparative performance of CDG, FunCoup, and HumanNet, using 339 new genes 
in HGMD. The numbers below each method show the number of genes with at least one predicted 
gene (left) and how many were associated with the expected disease (right). Black numbers show 
the gene distribution across the three servers and white numbers show how many were associated 
with the expected disease in each server. 
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